Algal blooms in potable water supplies are becoming an increasingly prevalent and serious water quality problem around the world. In addition to precipitating taste and odor problems, blooms damage the environment, and some classes like cyanobacteria (blue-green algae) release toxins that can threaten human health, even causing death. There is a recognized need in the water industry for models that can accurately forecast in real-time algal bloom events for planning and mitigation purposes. In this study, using data for an interconnected system of rivers and reservoirs operated by a New Jersey water utility, various ANN models, including both discrete prediction and classification models, were developed and tested for forecasting counts of three different algal classes for one-week and two-weeks ahead periods. Predictor model inputs included physical, meteorological, chemical, and biological variables, and two different temporal schemes for processing inputs relative to the prediction event were used. Despite relatively limited historical data, the discrete prediction ANN models generally performed well during validation, achieving relatively high correlation coefficients, and often predicting the formation and dissipation of high algae count periods. The ANN classification models also performed well, with average classification percentages averaging 94 percent accuracy. Despite relatively limited data events, this study demonstrates that with adequate data collection, both in terms of the number of historical events and availability of important predictor variables, ANNs can provide accurate real-time forecasts of algal population counts, as well as foster increased understanding of important cause and effect relationships, which can be used to both improve monitoring programs and forecasting efforts.
INTRODUCTION
Although there is general consensus among scientists that the incidence of algal blooms (AB) world-wide is increasing at an alarming rate (Smith et al., 2006) , and the detrimental effects of these blooms on the environment and water supplies are well documented, controversy remains over the important factors and mechanisms responsible for their occurrence, and the most effective means for both modeling and forecasting this phenomena. Given the multitude, interplay, and complexity of various weather, water quality, biological, and hydrologic factors, many of which will vary over space and/or time, complicated by random events, some researchers argue that there are no fast and true "rules" for predicting algal biomass and blooms. Researchers recognize that reliance upon mechanistic models for predicting algal biomass is insufficient, given our inadequate "level of understanding of how these complicated ecological systems work" (Pelley, 2005) .
Researchers have identified fundamental "nutrient" variables, primarily nitrogen and phosphorous, as "limiting" to the growth of algae. Because nitrogen and phosphorous are often strongly correlated with the quantity of algal biomass in water systems, researchers frequently develop models that predict algal biomass as a function of one or more of these compounds. Limiting the models to such highly reduced input-output relationships, while efficient and sometimes effective, not only ignores the complexity of processes that determine nutrient levels, but also overlooks the myriad of other factors that can influence algal biomass. For example, nitrogen may originate from a number of different sources, and its chemical form and concentration is dictated by different nitrogen processes, such as nitrification, which depends upon the presence of certain bacterial organisms. In some water systems, nutrients that might otherwise be considered limiting on the resident algal populations appear to persist within a range of concentrations that does not significantly affect the organisms.
Further complicating the dynamics of algal populations are the variety of physical and biological factors that influence the formation and dissipation of algal blooms. Sunlight is essential for the development of these photosynthetic organisms, and the amount of light that penetrates the water column is controlled by a number of factors, each of which may have multiple effects upon the system. For example, precipitation not only reflects a lower sunlight factor, but also influences the amount of turbidity in the water column via sediment transfer from rainfall run-off. The degree of run-off depends not only upon the quantity of precipitation, but also the size and characteristics of the watershed. Precipitation also increases surface water flow velocities which can stir up and suspend sediments from the bottom and scour sediments from the banks. Other factors that influence algal levels, like dissolved oxygen are similarly affected by other conditions of the system, such as water temperature, wind speed and direction, and the presence of other competing or even predatory organisms.
In a publication by the American Water Works Association Research Foundation entitled "Early Warning Management of Surface Water Taste and Odor Events" (Taylor et al., 2006) , the authors evaluate six existing mechanistic-based computer simulation models used by the water industry "to predict the timing, magnitude, and duration of taste and odor events" associated with algal populations. The authors discount four of the models on the basis that they are not capable of simulating detailed hydrodynamic conditions, such as stratification and mixing, which influence algal populations. The authors assert: "A good program must be able to model many water quality variables so that it can simulate a wide range of reservoirs." They note that only the two most advanced models can simulate three algae classes. However, they caution: "it is a very involved process that requires extensive data collection and model calibration and validation. The large front-end effort precludes these models from being used within time frames required for managing specific taste and odor events." The authors carefully draw a distinction between simulation of algae growth, which two of the mechanistic models can perform "reasonably well", and the associated taste and odor problems caused by gesomin production and release from "blue-green algae concentrations."
As an alternative paradigm to mechanistic models often used for forecasting algal blooms, artificial neural networks (ANNs) were used in this study. In this study, various ANN algal forecasting models were developed for three surface water sampling stations monitored as part of a drinking water supply system of interconnected Emery A. Coppola Jr., Adorable B. Jacinto, Tom Atherholt, Mary Poulton, Linda Pasquarello, Ferenc Szidarvoszky and Scott Lohbauer
